The first high resolution spectroscopic data for jet cooled H 2 DO + are reported, specifically via infrared laser direct absorption in the OH stretching region with a slit supersonic jet discharge source. Transitions sampling upper ͑0 − ͒ and lower ͑0 + ͒ tunneling states for both symmetric + bands, this permits determination of the tunneling splittings to within spectroscopic precision for each of the ground ͓40.518͑10͒ cm −1 ͔, 1 =1 ͓32.666͑6͒ cm −1 ͔, and 3 =1 ͓25.399͑11͒ cm −1 ͔ states. A one-dimensional zero-point energy corrected potential along the tunneling coordinate is constructed from high-level ab initio CCSD͑T͒ calculations ͑AVnZ, n =3,4,5͒ and extrapolated to the complete basis set limit to extract tunneling splittings via a vibrationally adiabatic treatment. Perturbative scaling of the potential to match splittings for all four isotopomers permits an experimental estimate of ⌬V 0 = 652.9͑6͒ cm −1 for the tunneling barrier, in good agreement with full six-dimensional ab initio results of Rajamaki, Miani, and Halonen ͑RMH͒ ͓J. Chem. Phys. 118, 10929 ͑2003͔͒. ͑⌬V 0 RMH = 650 cm −1 ͒. The 30%-50% decrease in tunneling splitting observed upon 1 and 3 vibrational excitations arises from an increase in OH stretch frequencies at the planar transition state, highlighting the transition between sp 2 and sp 3 hybridizations of the OH / D bonds as a function of inversion bending angle.
The first high resolution spectroscopic data for jet cooled H 2 DO + are reported, specifically via infrared laser direct absorption in the OH stretching region with a slit supersonic jet discharge source. Transitions sampling upper ͑0 − ͒ and lower ͑0 + ͒ tunneling states for both symmetric ͑ 1 + ← 0 + , 1 − ← 0 − , and 1 − ← 0 + ͒ and antisymmetric ͑ 3 + ← 0 + and 3 − ← 0 − ͒ OH stretching bands are observed, where ϩ/Ϫ refers to wave function reflection symmetry with respect to the planar umbrella mode transition state. The spectra can be well fitted to a Watson asymmetric top Hamiltonian, revealing band origins and rotational constants for benchmark comparison with high-level ab initio theory. Of particular importance are detection and assignment of the relatively weak band ͑ 1 − ← 0 + ͒ that crosses the inversion tunneling gap, which is optically forbidden in H 3 O + or D 3 O + , but weakly allowed in H 2 DO + by lowering of the tunneling transition state symmetry from D 3h to C 2v . In conjunction with other H 2 DO + bands, this permits determination of the tunneling splittings to within spectroscopic precision for each of the ground ͓40.518͑10͒ cm −1 ͔, 1 =1 ͓32.666͑6͒ cm −1 ͔, and 3 =1 ͓25.399͑11͒ cm −1 ͔ states. A one-dimensional zero-point energy corrected potential along the tunneling coordinate is constructed from high-level ab initio CCSD͑T͒ calculations ͑AVnZ, n =3,4,5͒ and extrapolated to the complete basis set limit to extract tunneling splittings via a vibrationally adiabatic treatment. Perturbative scaling of the potential to match splittings for all four isotopomers permits an experimental estimate of ⌬V 0 = 652.9͑6͒ cm −1 for the tunneling barrier, in good agreement with full six-dimensional ab initio results of Rajamaki, Miani, and Halonen ͑RMH͒ ͓J. Chem. Phys. 118, 10929 ͑2003͔͒. ͑⌬V 0 RMH = 650 cm −1 ͒. The 30%-50% decrease in tunneling splitting observed upon 1 
I. INTRODUCTION
Due to its importance in many areas of chemistry, the hydronium ion, H 3 O + , has been the subject of numerous theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and experimental studies. As the prototypical proton donor, H 3 O + plays a vital role in chemical dynamics and acid catalysis in aqueous condensed phase media. From a more astronomical perspective, H 3 O + is likely an abundant molecular ion in dense clouds in the interstellar medium. Based on recent chemical modeling, partially deuterated isotopomers of H 3 O + are also thought to be observable in the cores of dense clouds immediately prior to protostar formation, 35, 36 and therefore could provide a kinematic tracer for probing the velocity structure. 37, 38 From a more purely chemical physics perspective, H 3 O + is also the simplest molecular ion that undergoes large-amplitude inversion tunneling, for example, similar to what is responsible for microwave maser action in the well studied NH 3 system. Indeed, high-resolution spectroscopic studies of hydronium ion and its isotopomers serve as a benchmark for understanding mass-dependent tunneling effects and to refine current theory for large-amplitude dynamics in polyatomic systems.
However, with the exception of recent work from our group, 34 previous high-resolution experimental efforts have focused exclusively on the fully protonated ͑H 3 O + ͒ ͑Refs. 13, 14, 17-20, 22-24, 29, 30, 33 , and 39͒ and deuterated ͑D 3 O + ͒ hydronium ions. 16, 27, 31, 32 Much of this selective focus reflects the challenge of making sufficiently high concentrations of molecular ions in a particular quantum state, which grows substantially in difficulty with isotopic substitution and opportunities for subsequent collisional scrambling of the deuterons and protons.
Undaunted by such experimental restrictions, theory has made significant contributions for singly and doubly deuterated hydronium ions, from simple rigid inverter Hamiltonians on early ab initio surfaces to more recent high-level ab initio predictions of tunneling splittings and vibrational frequencies in full six-dimensions. 11, 12 In part stimulated by and in part stimulating these theoretical predications, highresolution slit-jet infrared spectra and tunneling dynamics of HD 2 O + have been studied and reported by our group. 34 The + tunneling splittings to spectroscopic precision, therefore, it is necessary to observe one or more of the weakly symmetry allowed C-type transitions in the 1 band.
Some initial guidance regarding the intensity of these transitions may be obtained from quantum chemical calculations. The integrated IR intensities for symmetric ͑ 1 ͒ and antisymmetric ͑ 3 ͒ OH stretch vibrations in H 2 DO + calculated from density functional theory ͓B3LYP/ 6-311+ +G͑3df ,3pd͔͒ are 195 and 468 km/ mol, respectively. Based on a simple dipole bond model at the equilibrium geometry and 40 K thermal population of excited tunneling states, the six bands are predicted to exhibit intensity ratios for + ͒ tunneling state in the 1 band. Detection of the remaining bands ͑at least two of which would be necessary to infer tunneling splittings͒ is also feasible, provided one has sufficiently accurate predictions for vibrational frequencies from high-level ab initio calculations to guide a high-resolution spectral search. The optimum strategy is TABLE I. Vibrational/rotation symmetries of H 2 DO + according to the molecular symmetry group C 2v ͑M͒. In the OH stretch region, six transitions with nonvanishing oscillator strength, therefore first to observe the "allowed" 40 and scaling the surface to match the high-resolution tunneling splittings, an experimental determination of the inversion barrier can be obtained and compared with full sixdimensional ͑6D͒ theoretical calculations. A discussion of the isotope-and vibration-dependent tunneling dynamics in the hydronium system is presented in Sec. V. The paper concludes with summary statements and future directions for study in Sec. VI.
II. EXPERIMENT
The high-resolution direct-absorption infrared spectrometry combined with the concentration modulation techniques used in the slit-jet cooled supersonic discharge source has been described in detail previously 34, [41] [42] [43] [44] and can therefore be briefly summarized here. The infrared light is produced via difference-frequency generation ͑DFG͒ of a tunable single-mode ring-dye laser ͑R6G͒ with a fixed-frequency single-mode Ar + laser ͑488 nm͒ in a heated 5 cmϫ 4 mm ϫ 4 mm LiNbO 3 crystal to achieve noncritical 90°phase matching. 45 The Ar + laser is actively stabilized to a confocal Fabry-Pérot etalon with a free spectral range ͑FSR͒ of ϳ250 MHz, which is further locked to a polarizationstabilized He-Ne laser. Dye laser fringes from the marker cavity are recorded and provide relative frequencies for the whole spectrum. The near infrared light is split into a signal beam, which is multipassed 16 times through the long axis ͑4 cm͒ of the slit expansion with a Herriot cell, and a reference beam of roughly the same intensity, both monitored with matched InSb photovoltaic detectors. After electronic subtraction of common-mode laser-amplitude noise and high frequency lock-in detection by modulating the slit-jet discharge at 50 kHz, the absorbance sensitivities drop to the near shot-noise limit, i.e., Ϸ8 ϫ 10 −5 in a 10 kHz detection bandwidth. Furthermore, fast concentration modulation also provides excellent discrimination between transient species such as ions and radicals from the much more abundant neu- 46 with H 2 as the carrier gas, i.e.,
The disadvantage of this approach is that proton transfer also occurs to the Ϸ twofold less populated H 2 O and D 2 O species, which even at low jet temperatures contributes to potential complication of the assignment. However, the OH stretching spectra of H 3 O + and HD 2 O + have already been well studied, which permits one to focus solely on the additional transitions arising from H 2 DO + . We therefore operate a n-H 2 discharge behind the orifice of a 4 cm long ϫ 300 m wide slit-jet pulse valve ͑19 Hz͒ at stagnation pressures of Ϸ200 Torr and seeded with ϳ0.025% H 2 O and ϳ0.025% D 2 O mixture. Typical discharge operating conditions ͑500 V, 0.8 A͒ yield a peak absorbance of Ϸ0.25% for the H 2 DO + band, i.e., similar to that achieved previously in HD 2 O + . 34 The 1 Our experimental investigation is initiated by searching for signatures of the strongest asymmetric OH stretch ͑ 3 + ← 0 + ͒ band by comparison against a simulated rotational spectrum, with the search window guided by the full 6D ab initio calculations 11 and the predicted band origin of ϳ3530 cm −1 ͑RMH͒. After several transition lines for this band have been positively identified and assigned, experimental conditions are reoptimized and the scanning range expanded to cover the simulated spectral region. Unambiguous confirmation of the assignment is made by six pairs of independent four-line ground state combination differences for this band ͑Table IV͒. Least-squares fits of these ground state term values to a standard semirigid Watson asymmetric top Hamiltonian ͑A, reduction; I r , representation͒ yield the ground state rotational constants. These results are again used to generate an improved predictor spectrum, including nuclear spin statistics ͑see Table I͒ and a 40 K thermal distribution, to assign a total of 27 lines in the full spectrum ͑see Table II͒ . A selected comparison region between experimental and simulated spectra is shown in Fig. 2͑a͒ , which exhibits generally excellent agreement both in frequencies and relative intensities.
The next strongest band is the 1 + ← 0 + band, centered around 3478 cm −1 according to RMH, 11 and which also originates from the lower tunneling state. With the help of ground state term values from the 3 + ← 0 + band, a total of 16 lines ͑Table III͒ has been unambiguously assigned to the 1 + ← 0 + band, with two independent sets of four-line combination differences matching to within experimental precision ͑Ϸ30 MHz͒. Figure 2͑b͒ exhibits five experimental transitions along with the simulated spectra. Small, but still finite, residual shifts ͑Ϸ100 MHz͒ between fit and experiment are evident at high resolution.
By way of isolating the source of such shifts, we focus on ground state term values from combination difference analysis of the two observed bands ͑Table IV͒. These ground state combination differences have been fitted to the Watson Hamiltonian, yielding the ground state rotational constants listed in Table V with a standard deviation of 0.0019 cm −1 ͑Ϸ57 MHz͒. This is still twofold larger than experimental precision, but 100-fold smaller than the occasional Ϸ1000-3000 MHz deviations noted in the 3 + ← 0 + band ͑Table II͒. This suggests the absence of strong local perturbations in the ground state rotational manifold, which in principle could arise from interactions with the nearby 0 − tunneling state. However, this also provides reasonable confidence in the quality of asymmetric top predictions for pure tunneling-rotation transitions in the ground state, which should be detectable at even higher spectral resolution with millimeter wave absorption methods.
With the ground state adequately characterized, the spec- 3 − ← 0 − band out of the excited inversion level. Due to appreciable tunneling energy of the 0 − state ͑Ϸ40 cm −1 ͒, only Ϸ10 rotational lines are observable in the slit-jet expansion ͑T rot Ϸ 40 K͒ at current sensitivity levels. These do not provide four-line combination differences for an internal consistency check of the assignment ͑see Table  II͒ . Nevertheless, based on the excellent agreement between experimental and simulated spectra with correct nuclear spin statistics for the 0 − tunneling level, these ten lines can be clearly observed and assigned to the 3 − ← 0 − band, as indicated by the sample data shown in Fig. 2͑c͒ + for the purpose of these spectral predictions. Based on these assumptions, spectra for both 1 − ← 0 + and 1 − ← 0 − bands can be predicted via asymmetric top modeling of the expansion for a common rotation-tunneling temperature of 40 K. To compensate for uncertainty, we search inside a ±2 cm −1 window centered on the predicted origins, obviously requiring simultaneous matching for the strongest lines anticipated in both bands. Based on these combined criteria, a total of five transitions for the 1 − ← 0 + band and two transitions for the 1 − ← 0 − band has been assigned ͑Table III͒, with sample data shown in Fig. 2͑d͒ . Even though the data on the weakest symmetry allowed ͓3468.116͑9͒ cm −1 ͔ are found to be within Ϸ0.6 and Ϸ0.1 cm −1 of the estimates made above. As the key outcome of these fits, tunneling splittings for the ground, 1 , and 3 excited states can be determined to within spectroscopic precision, i.e., 40.518͑10͒, 32.666͑6͒, and 25.399͑11͒ cm −1 , respectively. Though we defer a more detailed analysis of these results to Sec. IV, these tunneling splittings prove to be in remarkable agreement with previous theoretical predictions, ranging from reduced dimensionality rigid bender 47 to full 6D ab initio calculations. 11, 12 Furthermore, the data indicate a rather dramatic 20%-35% decrease in tunneling splittings upon excitation of either OH vibrational mode, in good agreement with theoretical predictions as well as with experimental results noted previously for HD 2 O + . As will be discussed in Sec. IV, this implies an increase in the vibrationally adiabatic barrier with OH stretch excitation and reflects a competition between sp 3 and sp 2 hybridizations of the OH bonding for pyramidal versus planar tunneling geometries.
D. Boltzmann analysis of tunneling splittings
From the direct-absorption based measurement of rotationally resolved spectra out of the two lower tunneling levels, information on rotational temperatures can be obtained by thermal Boltzmann analysis. 34, 48 Furthermore, the 0 + -0 − tunneling splitting in the ground state ͑⌬E =0 − -0 + ͒ can be independently extracted from such intensity measurements, exploiting rapid thermal equilibration between rotational and tunneling levels routinely achieved in the slit-jet expansion. This more facile equilibration between rotation, tunneling, and even low lying vibrational degrees of freedom is the result of the much slower density drop-off in a 1D ͑ ϰ 1/r͒ versus 2D ͑ ϰ 1/r 2 ͒ expansion, which enhances twoand three-body collision probabilities and thereby greatly facilitates energy transfer in the expansion region. Indeed, such a thermally based extraction of tunneling splittings has been demonstrated in a previous study 34 of HD 2 O + and confirmed to be surprisingly accurate ͑within ϳ5%͒ by calibration against direct spectroscopic measurement. With similar spectroscopic data in hand for H 2 DO + , we take this opportunity to demonstrate the generality of such a slit-jet expansion thermal tunneling analysis. Such an approach proves to be crucial in the much larger number of systems where no independent spectroscopic measurement of the tunneling splittings is available. This rotational-tunneling temperature can be combined with the ͑i͒ spectroscopically determined rotational constants, ͑ii͒ vibrational band origins, and ͑iii͒ nuclear spin statistics for the lower and upper tunneling levels to predict spectra for each of the five bands observed experimentally. Stick spectra corresponding to each of the five rovibrational bands ͑ trum ͑pointing down͒ shown in Fig. 4͑a͒ . By way of comparison, the high-resolution experimental spectrum ͑pointing up͒ is also shown in Fig. 4͑a͒ , indicating high quality agreement with the simulation. Indeed, the relative intensities of the five bands obtained from such spectral simulations are Ϸ100:29:36:3:9, remarkably close to the ab initio predictions of Ϸ100:20:30:7:10 described in Sec. I.
IV. 1D ADIABATIC MODEL ANALYSIS
The current data and analysis provide spectroscopic tunneling splittings for the last of the series of isotopomerically substituted hydronium ions, i.e., from H 3 O + to H 2 DO + to
The availability of such data provides a novel opportunity to study large-amplitude tunneling dynamics on a single Born-Oppenheimer potential in this fundamental molecular ion, where the effective mass for the tunneling motion can be systematically "tuned" from Ϸ 3H to Ϸ 3D. Specifically, we can use the precise tunneling splittings to provide an experimental estimate of the true BornOppenheimer barrier height. The method has been described in detail by Rush and Wiberg, 49 based on adiabatic separation of the tunneling coordinate with respect to all other 3N − 7 polyatomic vibrational modes. In the derivation of Hougen et al., 40 the zeroth-order rotational LAM Hamiltonian is expressed as
where ͉G͉͑͒ is the determinant of the G matrix which contains information of rotation-vibration couplings, ͑͒ is the effective reduced mass, and V͑͒ is the 1D potential surface with respect to an arbitrarily defined tunneling coordinate, , adiabatically relaxed over all other modes. For simplicity, has been chosen as 90°minus the trisector angle between the OH / D bonds and the C 3v axis. 12 Thus = 0 corresponds to the top of the barrier and ͑͒ represents a reduced moment of inertia per unit bending angle. 2 With the substitution of ⌿͑͒ = ͑͒ 1/2 ⌿͑͒ into Eq. ͑3͒, the resulting 1D Schrödinger equation simplifies to
where the f 1 ͑͒ term is given by
and behaves as an additional bending angle dependent change in the effective potential.
A. "… and V"…
In order to construct ͑͒ and a vibrationally adiabatic 1D potential energy surface ͑PES͒, V͑͒, we take advantage of high-level ab initio calculations, which will eventually be scaled perturbatively to match experiment. Specifically, full 6D geometry optimizations and harmonic frequency calculations have been performed at each inversion angle using coupled cluster methods ͓CCSD͑T͔͒ with augmented correlation consistent triple zeta basis sets from Dunning ͑aug-ccpVTZ͒. A total of 51 inversion geometries is calculated from = −45°, 45°, where = 0°corresponds to the planar transition state configuration. For a given position along the inversion coordinate , the relevant G matrix 49 can be constructed from where I ij reflects the usual rotational moment of inertia tensor, and X ij and Y ij represent inversion-rotation and diagonal vibration-vibration coupling contributions, respectively. The appropriate reduced moment of inertia for use in the LAM Hamiltonian is found from the G matrix via
For numerical evaluation of Eq. ͑4͒ and NumerovCooley integration of Eq. ͑4͒, the functions ͉G͉͑͒, ͑͒, and Less expected, perhaps, is the appreciable increase in each ͑͒ evident with bending away from planarity, which implies a tightening and, therefore, shortening of the OH / OD bonds near the transition state geometry.
To improve the ab initio quality of this 1D potential, total energies are then calculated at each optimized geometry for aug-cc-pVnZ basis sets with n =3,4,5. Following the work of Peterson et al., the resulting energies are extrapolated to the complete basis set ͑CBS͒ limit ͑E CBS ͒ via
where n reflects the basis set size. The resulting CBS tunneling barrier height is ⌬V 0 CBS = 667.5 cm −1 and represents a high-level 1D ab initio approximation to the true BornOppenheimer tunneling barrier in full 6D dimensionality. Our strategy is now to solve for tunneling levels on this surface in the adiabatic approximation and use this information to scale this CBS potential perturbatively into agreement with experiment.
In the adiabatic approximation, the resulting CBS PES is augmented by ZPE corrections in the 3N −7=5 vibrational modes perpendicular to the tunneling coordinate. These are obtained from fully optimized ab initio values at CCSD͑T͒/ aug-cc-pVTZ level, with a single scaling factor 0.968͑6͒ determined from previous theoretical benchmark studies to correct for small anharmonicity contributions to the adiabatic barrier height. The resulting anharmonic ZPE corrected 1D CBS potential for H 3 O + is shown in Fig. 6 along with a high-order polynomial least-squares fit. The CBS barrier heights for H 3 O + before and after inclusion of ZPE corrections are ⌬V 0 CBS = 667.5 cm −1 and ⌬V 0 ZPE = 726.5 cm −1 , respectively, where anharmonicity decreases the barrier by Ϸ2 cm −1 . Although each isotopomer shares the exact same full 6D PES in the Born-Oppenheimer approximation, the individual 1D vibrationally adiabatic PES's differ slightly due to ZPE effects, which these calculations take explicitly into account.
B. Experimental barrier height
With the reduced moment of inertia, ͑͒, and the ZPE corrected 1D CBS potential, V͑͒, the corresponding eigenfunctions and eigenvalues can be obtained from Eq. ͑4͒ by standard Numerov-Cooley methods, converging the lowest two eigenstates ͑i.e., 0 − and 0 + ͒ to better than 10 −6 cm −1 . Superimposed in Fig. 6 are sample wave functions ͑solid lines͒ and tunneling energy levels ͑dotted lines͒ for H 3 O + , where the ground state tunneling splitting is predicted to be ⌬E tun CBS ͑H 3 O + ͒ = 54.3 cm −1 . This is already quite close but underestimates the experimental value of ⌬E tun gs ͑H 3 O + ͒ = 55.35 cm −1 , with similar levels of agreement found for the other three isotopomers. This indicates a slight overestimation in the true Born-Oppenheimer barrier height even at the CCSD/cc-aug-pVnZ / CBS level, due to uncertainty in CBS extrapolation, as well as core-valence and relativistic corrections obtained by RMH for the full 6D PES. However, agreement with experiment is already quite close ͑Ͻ2%͒; we proceed by linearly scaling this PES to match calculated tunneling splittings with the spectroscopically observed values. As the tunneling splittings are exponentially sensitive to both the reduced moment of inertia and the barrier height, the accuracy of such a perturbative scaling can be tested in consistency of results for the four different isotopomers.
The calculated tunneling splittings for each isotopomer are plotted in Fig. 7 as a function of the linearly scaled barrier height ͑⌬V 0 ͒. The dotted lines reflect the experimentally measured tunneling splittings, with the stars representing the best estimate of the true Born-Oppenheimer barrier height for a given isotopomer by matching with experimental values. The analysis for all four species yields a tight cluster of isotopomer independent barrier heights, yielding an average value of ⌬V 0 = 652.9± 0.6 cm −1 . This experimentally derived barrier height is 6% smaller and 0.4% larger than the HCB ͑690 cm −1 ͒ and RMH ͑650 cm −1 ͒ values, respectively, which is qualitatively consistent with the 20% overestimation and 2% underestimation of the actual tunneling splittings calculated on these two surfaces. Figure 7 also summarizes tunneling barriers theoretically calculated by several other groups, which are all in quite reasonable agreement with the current experimental estimate. However, agreement is clearly most quantitative with the high-level CCSDT/cc-aug-pVnZ calculations of Rajamaki et al., which in addition to CBS extrapolation also include detailed corrections for relativistic and core-valence effects.
C. Excited state tunneling splittings
As a further test of the adiabatic model, we can predict tunneling splittings in vibrationally excited states for each of the isotopomers and compare with experiment. In the spirit of the adiabatic approximation, the corresponding excited state PES is constructed from the ground state ZPE corrected and scaled 1D PES, but now further augmented by the additional vibrational energy as a function of the tunneling coordinate in a specific mode. This can significantly influence the effective tunneling barrier, as noted by Huang et al. 12 For example, the effective barrier heights for H 3 O + in the 3 and 1 excited states are predicted to be ⌬V 3 = 822 cm −1 and ⌬V 1 = 774 cm −1 , respectively, compared to an experimentally estimated ground state barrier height of ⌬V 0 = 652.9 cm −1 . Tunneling splittings in these excited states can then be predicted by numerically solving 1D Schrödinger equation for each adiabatically corrected PES.
The predictions for excited state tunneling splittings from this simple adiabatic extension are tabulated in Table  VII and demonstrate remarkably good agreement with experiment. Specifically, deviation between predicted and experimental values averages about 2.5% with half predicted to better than 1%, even for quite large shifts ͑50%͒ in these splittings from the ground state. Interestingly, the results for the mixed isotopomers tend to have systematically larger discrepancies, though these are still consistently predicted to ഛ5%. Most importantly, the quantitative success of such an extension to vibrationally excited states provides independent validation of the 1D adiabatic approximation in the ground state analysis. This also yields further support for the simple scaling procedure to extract an experimentally based estimate for the true ͑i.e., isotopically invariant͒ 6D tunneling barrier for hydronium ion inversion.
V. DISCUSSION
For each of the four isotopomers, there is a substantial decrease in the tunneling splitting upon OH vibrational excitation. Although this phenomenon is quantitatively reproduced by the vibrational adiabatic 1D model in Sec. IV, it can also be qualitatively interpreted according to the following simple physical picture. The hybridization of the O atom is pure sp 2 at the planar transition state, while considerable sp 3 character is mixed in near the equilibrium geometry. Increased s-orbital contribution at the transition state implies stiffer, shorter high frequency OH bonds, with frequencies that drop off with out-of-plane bending. In the adiabatic approximation, this translates into an increased vibrational en- where ␤ and A are constants and ͑ =0͒ can be obtained from Fig. 5 . A plot of Eq. ͑10͒ based on the full 6D calculated tunneling splittings of RMH and HCB is illustrated in Fig. 8 , indicating quite reasonable support for such a simple model prediction. To minimize uncertainty, however, we use the experimentally observed tunneling splittings with this square root scaling to interpolate between the RMH and HCB values for each isotopomer. The experimentally interpolated results are also shown in Fig. 8 , which in conjunction with ͑ =0͒ can be used to generate four additional estimates of the true 6D tunneling barrier. These values indicate a remarkable consistency between isotopomers, with average and standard deviation of ⌬V 0 = 653.0͑7͒ cm −1 , in excellent agreement with our previous result of ⌬V 0 = 652.9͑6͒ cm −1 obtained from the 1D vibrationally adiabatic analysis.
VI. SUMMARY
High-resolution infrared spectra of H 2 DO + , the final member of the deuteron labeled hydronium ion series, have been observed via high-sensitivity slit-jet discharge spectrometry and assigned in both 3 −1 , in good agreement with vibrationally adiabatic analysis and suggests a precision in the full 6D Born-Oppenheimer barrier height of less than a few cm −1 . Efforts to further refine such an analysis will most likely require inclusion of polyatomic nonBorn-Oppenheimer corrections, [53] [54] [55] which are not treated here. However, the current results already provide a high accuracy benchmark for ab initio calculations in arguably one of the most fundamental polyatomic molecular ions in chemistry.
